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Isaria cicadae is one of the fungi used in traditional Chinese medicine with the
longest tradition. It is used not only as a herbal medicine but also as a health food
in Asia, together with cultured cordyceps and mycelia of the fungus used as
substitute. However, the differences in their metabolite are unknown. Using a
high‐performance liquid chromatography–mass spectrometry (HPLC–MS)‐based
metabolomic method, we found that the fungus varies in its metabolism during
growth on wild insects, artificially raised insects and artificial medium. There were
109 discriminatory metabolites detected in the samples by orthogonal projection to
latent structure discriminant analysis and one‐way ANOVA. High level of
nonribosomal peptides (NRPs) only existed in the insect portions of the wild
cordyceps (WI) and cultured cordyceps (CI), revealing that immunostimulation of the
host insects enhanced the synthesis of NRPs in the fungus. The finding of a signifi-
cantly higher level of sphingolipids in both the insect portions (WI, CI) and the coremia
of the wild cordyceps (WC) and cultured cordyceps (CC) but not in cultured mycelia
(CM) of I. cicadae implies that the immunostimulation of the live insects can induce
the fungus to produce more sphingolipids, and this enhanced ability is probably
heritable. Apart from NRPs and sphingolipids, the insect portions also contained
higher levels of bioactive compounds such as lateritin, anisomycin, streptimidone and
ustiloxins. In contrast, the coremium groups (WC, CC) and CM contained 10‐fold less
NRP but much higher levels of sanative metabolites such as tocotrienol, 3′‐deoxy‐
hanasanagin, γ‐aminobutyric acid and phospholipids than the insect portions. The
significantly higher content of antioxidants in WC, CC and CM than in WI and CI
suggests that environmental oxygen has a significant effect on the metabolites. The
temperature stress which the wild cordyceps encounters during growth is responsible
for the relatively high content of trehalose. These findings indicate that the immunity of
the host insect and growth environment have a strong impact on the metabolomic
variation in Isaria cicadae. The variation in metabolites suggests differential utilization
value for the insect portions, coremia and mycelia of the fungus.
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Isaria cicadae, named by Miquel in 1838, is parasitic on the nymph of
cicada and can form cordyceps, which are called Chan Hua in Chinese,
meaning the flower of cicadae (Chen, Li, & Chen, 2014; Massee,
1895). ChanHua also has many other names, such as Cordyceps cicadae,
Cordyceps sinclairii, Isaria sinclairii and Paecilomyces cicadae (Chen et al.,
2014; Hsu, Jhou, Yeh, Chen, & Chen, 2015; Kobayasi & Shimizu, 1982;
Lu et al., 2017). The newest taxonomy system classifies Chan Hua as I.
cicadae Miquel because the fruiting body (coremium) of the cordyceps
is asexual (Lu et al., 2017; Sung et al., 2007). Its use as a herbal medicine
was recorded in many famous ancient Chinese books such as Lei Gong
Pao Zhi Lun (Lei's Treatise on Preparing Drugs), which was written during
the Northern and Southern Dynasties of China (AD 420–589), the Tu
Jing Ben Cao (Map of Materia of China), published in AD 1061, and the
Ben Cao Gang Mu (Chinese Compendium of Materia Medica), which
appeared in AD 1596 (Chen et al., 2014; Hsu et al., 2015). Traditionally,
Chan Hua was used to treat infantile hyperpyretic convulsions (Anon,
2005; Chen et al., 2014). Modern studies have revealed that extracts
from Chan Hua have antipyretic, analgesic and antimalaria effects
(Anon, 2005; Chen et al., 2014;Wang & Liu, 2004). The strong immuno-
suppressant myriocin was found in 1994 by Fujita in the liquid cultural
broth of I. cicadae, and this compound was later developed as a drug
named Gilenya by Novartis in 2010 (Fujita et al., 1994; Strader, Pearce,
& Oberlies, 2011). At the same time, multiple pharmacological activities
have been reported in wild C. sinclairii (C. cicadae), cultured C. cicadae,
mycelia of I. cicadae and cultured P. cicadae (I. cicadae) (Kim et al.,
2012; Wang et al., 2014; Wang et al., 2018; Weng, Chou, Lin, Tsai, &
Kuo, 2002). Because of their multiple bioactivities and no significant
toxicity, part of the wild cordyceps or the entire thing is used not only
as herbal medicine but also as a health food in Asia (Hsu et al., 2015).
The wild cordyceps includes two parts: the above‐ground part is the
coremium, and the underground part is a cicada nymph filled with
mycelia of I. cicadae. Because of the differences in growing environ-
ments and collection time, the wild cordyceps actually used contains
different lengths of coremia. Meanwhile, the cultured cordyceps and
cultured mycelia (CM) of I. cicadae are sometimes used as substitutes
(Chen et al., 2014; Hsu et al., 2015). However, there is no report on
themetabolic differences between different parts of thewild cordyceps
and its substitutes. Because metabolites are the material basis of safety,
bioactivities and nutrition, a systematic metabolomic comparison
between different parts of wild and cultured cordyceps and the CM of
I. cicadae is necessary. The results of this study will reveal the metabolic
variation patterns in I. cicadae under different living conditions and
provide a scientific basis for the substitution of the wild cordyceps
and the utilization of different parts of the wild and cultured I. cicadae.2 | EXPERIMENTAL
2.1 | Wild cordyceps sampling, strain isolation and
cultivation
Six wild cordyceps of I. cicadae samples (three samples were collected
from a bamboo forest in the Gu‐Liu‐Jiang area of Anhui Province, andthree samples were collected from the Qing‐Liang‐Feng area of
Zhejiang Province, China; Figure 1), including the coremia of the wild
cordyceps (WC) and insect portions of the wild cordyceps (WI)
portions, were identified by two of the authors (Professors Huang
and Li). Their hosts are nymphal cicadas, and the parasitic fungus is I.
cicadae.
Spores were injected into live tussah pupae (106 spores per pupa)
and first cultured at 22°C under 70% humidity in the dark. Then 300 lx
scattered light illuminated the pupae after the white mycelia appeared
on their surface. The coremia appeared after 15 days of culture, and
the cordyceps were harvested after another 15 days of culture as
cultured cordyceps of I. cicadae; these samples included the coremia
of the cultured cordyceps (CC) and insect portions of the cultured
cordyceps (CI) portions (Figure 1). A spore suspension (1 × 107
spores/mL) was inoculated at 200 μL per dish on cellophane
membrane pre‐covered SDAY (40 g/L glucose, 10 g/L peptone,
10 g/L yeast extract, 20 g/L agar) plates and cultured at 25°C for
15 days to obtain solid CM of I. cicadae (Figure 1). Cultured cordyceps
and mycelia of I. cicadae were generated in three biological replicates.
All samples were freeze‐dried, pulverized into fine powder and then
kept at −80°C until extraction.2.2 | Extractions
Thirty milligrams of each powder was extracted with 3mL of MeOH–
CHCl3–H2O (2.5:1:1, v/v/v), followed by 1min of vortexing and sub-
sequent sonication for 1 h at 4°C. The samples were further kept at
4°C for 10 h in the dark. After centrifugation at 7104g for 10min,
2.4mL of supernatant was collected and dried with a centrifugal con-
centrator. All the extracts were stored at −80°C until analysis. The
dried extracts were re‐dissolved ultrasonically in 400 μL of 90% meth-
anol and centrifuged for 10min at 11,000g before HPLC–MS analysis.2.3 | HPLC–MS data acquisition
All of the extracts were analyzed using an Agilent 6210 time‐of‐flight
MS system with an Agilent 1100 HPLC, a photodiode array detector, a
high‐resolution (HR)–time‐of‐flight–MS with an electrospray ioniza-
tion source and an Agilent workstation. The chromatographic separa-
tion was performed on an Agilent Poroshell 120 EC‐C18 (2.7 μm,
3.0 × 100mm) column, and the LC parameters were set as follows:
injection volume, 5 μL; column temperature, 25°C; and flow rate,
0.4mL/min. The eluates were monitored with a photodiode array
detector performing a full‐wavelength scan from 200 to 600 nm. The
mobile phase was composed of (A) 0.1% formic acid in water and (B)
0.1% formic acid in acetonitrile, and a gradient elution was carried
out: 5–100% B for 0–45 min and 100% B for 45–55 min. The mass
spectrometer parameter settings were the same as in Luo et al. (2015).2.4 | Data processing and statistical analysis
The raw data from HPLC–HRMS were preprocessed by Mass Hunter
software of Agilent Technologies using the molecular feature extrac-






FIGURE 1 Pictures of wild and culture Cordyceps cicadae and corresponding chromatograms. WC, Coremium of wild C. cicadae (I. cicadae on wild
nymphal cicada); WI, insect body of wild C. cicadae; CC, coremium of cultured C. cicadae (I. cicadae on artificially raised tussah pupa); CI, insect
body of cultured C. cicadae; CM, cultured mycelia of Isaria cicadae. (A) HPLC–MS of WC in negative mode; (B) HPLC–MS of WI in negative mode;
(C) HPLC–MS of CC in negative mode; (D) HPLC–MS of CI in negative mode; (E) HPLC–MS of CM in negative mode; (a) HPLC–MS of WC in
positive mode; (b) HPLC–MS of WI in positive mode; (c) HPLC–MS of CC in positive mode; (d) HPLC–MS of CI in positive mode; (e) HPLC–MS of
CM in positive mode
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mass/retention time/peak height data array for each sample was gen-
erated and exported as a csv file. Then all of the data were uploaded
to MetaboAnalyst for subsequent data processing and statistical anal-
ysis (Chen, Liu, Guo, Zheng, & Zhang, 2018; Luo et al., 2013; Luo et al.,
2015; Mandavi, Ghanati, & Ghassempour, 2016; Xia & Wishart, 2011;
Zhao et al., 2010).2.5 | Metabolite identification
Metabolite identification was performed according to approach of Luo
et al. (2015). The molecular formulas of the metabolites were
calculated by MassHunter based on accurate mass and isotopic
pattern recognition. Compounds were putatively identified by
searching the molecular formulas against the in‐house entomopatho-
genic fungi and web databases. The compounds were confirmed by
fragment comparison with compounds that have the same or similar
configuration in METLIN and MASSBANK, and verified by their
elution order (polarity) and structure characteristics. UV–visible
spectra were used in the structure confirmation whenever possible.
Ambiguous metabolites were identified by comparison with available
authentic compounds and/or by referring to the published literature
about fungi, especially entomopathogenic fungi.3 | RESULTS AND DISCUSSION
From the chromatograms one can see that the wild cordyceps
(Figure 1 A, B, a, b) contains the most metabolites and the cultured
mycelia (Figure 1 E and e) contains the least. Compared with the insect
portions of the cordyceps (Figure 1 B, b, D, d) the coremia of the
cordyceps (Figure 1 A, a, C, c) contain relatively fewer metabolites.In order to make clear the metabolomic variation in I. cicadae under
wild and cultured conditions, we launched an HPLC–MS‐based
multivariate statistical analysis.3.1 | Principal component analysis
All of the HPLC–MS data were first analyzed by principal component
analysis (PCA) to show the overall differences between the samples.
Figure 2 shows 3D PCA score plots of the samples in negative mode
(Figure 2a) and positive mode (Figure 2b). The first three components
were responsible for 68.93% (PC1 = 33.37%, PC2 = 19.86%,
PC3 = 15.71%) and 61.39% (PC1 = 38.09%, PC2 = 12.26%,
PC3 = 11.04%) of the total variation in negative and positive modes,
respectively. Data in the negative mode showed that coremia of the
wild cordyceps (group WC), coremia of the cultured cordyceps (group
CC) and CM were clustered together, which indicated that WC, CC
and CM possess similar anionic metabolites. Data in the positive mode
showed that there were three groups, one group for the insect bodies
(WI and CI) of I. cicadae, one group for the coremia (WC and CC) of I.
cicadae and one group for the CM of I. cicadae. These results indicated
that coremia, insect bodies and mycelia of I. cicadae possess different
metabolites.3.2 | Orthogonal projection to latent structure
discriminant analysis
Although PCA is undoubtedly a reliable grouping method in metabolo-
mics, if variation between samples of the same group is larger than the
variation between samples of different groups, a clear separation of
each group cannot be expected because the separation by PCA is
achieved from unbiased maximum variation within the samples tested.
FIGURE 2 Three‐dimensional principal component analysis score plots derived from HPLC–MS of extracts of wild and cultured cordyceps and
mycelia of I. cicadae in (a) negative and (b) positive mode. Abbreviations: WC, wild coremium; WI, wild insect body; CC, cultured coremium; CI,
cultured insect body; CM, cultured mycelia
FIGURE 3 Orthogonal projection to latent structure discriminant analysis (OPLS‐DA) score plot of wild coremium and wild insect body samples
in positive mode: (a) (R2X = 0.708, R2Y = 0.999, Q2 = 0.996), wild coremium and cultured coremium samples; (b) (R2X = 0.699, R2Y = 0.996,
Q2 =O.982), wild coremium and cultured insect body samples; (c) (R2X = 0.619, R2Y = 0.999, Q2 = 0.983), and wild coremium and cultured mycelial
samples; (d) (R2X = 0.626, R2Y = 0.989, Q2 = 0.944); the corresponding S‐plots in positive mode are (e), (f), (g) and (h)
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jection to latent structure discriminant analysis (OPLS‐DA), was used
to maximize the separation between the groups and discriminate dif-
ferential metabolites between WC and WI (Figure 3a, Figure 4a),
between WC and CC (Figure 3b, Figure 4b), between WC and CI
(Figure 3c, Figure 4c), and between WC and CM (Figure 3d, Figure 4d).
The OPLS‐DA models were established using one predictive and
two orthogonal components in positive mode, and using one predic-
tive and one orthogonal component in negative mode. To test the
validity of the OPLS‐DA model, a permutation test (n = 100) using
the OPLS‐DA model with the same number of components was
performed. Generally, the extrapolated intercept value of Q2 < 0.05
indicates no overfitting in the model. Model validation of eight
PLS‐DA models generated intercepts of the Q2 value that were
−0.284, −0.444, −0.134, −0.068, −0.179, −0.109, −0.177 and
− 0.232, which indicated that the models in this study have good
predictability.
OPLS‐DA score plots (Figures 3e, 3f, 3g, 3h, 4e, 4f, 4g and 4h)
displayed a clear separation of WC and WI, of WC and CC, of WCFIGURE 4 OPLS‐DA score plot of WC and WI in negative mode: (a)
R2Y = 0.992, Q2 = 0.981), WC and CI; (c) (R2X = 0.831, R2Y = 0.996, Q2 = 0.9
S‐plots (e, f,g, h) in negative modeand CI and of WC and CM. The S plot compares the covariance p
against the correlation p (corr) of the variables of the discriminating
component of the OPLS‐DA model. Cutoff values of a covariance of
p≥ |0.05|and a correlation of p (corr)≥ |0.5|were used. Moreover,
the significance of the discriminatory metabolites was confirmed by
a pairwise comparison with the t‐test. The identified metabolites are
listed in Table 1.
The significant feature of Table 1 is that 12 types of nonribosomal
peptides (NRPs), including beauvericins A, B, E, D and G2,
conoideocrellide D and enniatins, were detected in WI and CI samples,
but only four types of NRPs were detected in WC, and only one type
of NRP was detected in CC and CM. Moreover, the concentrations of
NRPs in WC, CC and CM were 10 times less than those in WI or CI
(Table 1). The significantly higher level of NRPs in insect portions
implied that immunostimulation of the host insects may prompt NRP
production by the fungus. More specifically, the insect portions of I.
cicadae that were stimulated by the immune system of the live insects
during the fungus infection had the greatest amount of NRPs, whereas
coremia grown on dead insects and CM grown on SDAY medium with(R2X = 0.758, R2Y = 0.999, Q2 = 0.997), WC and CC; (b) (R2X = 0.85,
89), WC and CM; (d) (R2X = 0.776, R2Y = 994, Q2 = 0.974); as well as














WC WI CC CI CM
1.66 74.0002 Glyoxylic acid ESI(−) C2H2O3 74.0004 0.20 1 4.55↑ 5.46↑ 2.32↑ 1.57↑
1.51 83.0721 Methylpyrroline ESI(+) C5H9N 83.0735 1.38 1 2.77↓ 5.01↓ 1.19↑ 3.35↓
1.36 88.0162 Pyruvate ESI(−) C3H4O3 88.016 −0.29 1 1.07↑ 2.86↑ 3.10↑ 1.26↑
1.45 90.0325 Dihydroxyacetone ESI(−) C3H6O3 90.0317 −0.82 2.98↑ 3.01↑ 11.9↑
3.71 102.0447 Cycloserine ESI(+) C3H6N2O2 102.04293 −1.77 1 3.42↓ 1 1.61↑ 1.36↑
1.2 103.0640 GABA ESI(−) C4H9NO2 103.06333 −0.76 1 2.14↑ 1.25↑ 1.47↑
1.19 103.0991 Choline ESI(+) C5H13NO 103.0997 0.60 1 1.78↓ 2.79↓ 1.57↓
1.7 112.0163 Furoic acid ESI(−) C5H4O3 112.016 −0.35 1 1.46↑ 3.66↑ 4.02↑ 1.64↑
1.23 115.0634 Proline ESI(−) C5H9NO2 115.0633 −0.16 1 2.14↓ 5.87↑ 4.10↑ 1.15↓
1.64 116.0111 Fumaric acid ESI(−) C4H4O4 116.011 −0.16 1 11.6↓ 16.6↓ 4.52↓ 5.41↓
1.22 117.0772 Betaine ESI(+) C5H11NO2 117.079 1.73 1 4.49↓ 1.99↑ 1.55↑ 2.07↓
2.25 118.0273 Succinic acid ESI(+) C4H6O4 118.0266 −0.76 87.4↑ 34.8↑ 16.8↑
3.03 123.0317 Niconic acid ESI(−) C6H5NO2 123.032 −0.26 9.38↑ 47.5↑ 6.43↑
1.37 129.0413 Pyroglutamic acid ESI(−) C5H7NO3 129.0426 1.25 1 10.2↓
8.32 131.0947 Leucine ESI(−) C6H13NO2 131.0946 −0.17 7.48↑ 6.01↑
1.97 135.0553 Adenine ESI(+) C5H5N5 135.0545 −0.86 1 2.80↓
1.2 147.0528 Glutamate ESI(−) C5H9NO4 147.05316 0.32 1 1.13↑ 2.02↓ 1.06↓
1.14 155.0694 Histidine ESI(−) C6H9N3O2 155.0695 0.02 1 4.21↓ 1.18↓ 3.59↓ 1.30↑
15.59 156.1146 Nonenoic acid ESI(−) C9H16O2 156.11503 0.35 1 5.18↑ 1.37↑ 6.31↑
1.22 161.1042 Carnitine ESI(+) C7H15NO3 161.1052 0.93 1 1.02↑ 11.7↑ 3.77↑ 1.04↑
1.64 168.0278 Uric acid ESI(−) C5H4N4O3 168.0283 0.49 9.59↑ 56.9↑
3.96 179.0798 Glucosamine ESI(+) C6H13NO5 179.0794 −0.47 1 2.61↑ 3.82↑ 5.87↑ 17.0↑
18.64 179.0942 Phenylalanine‐methylester ESI(+) C10H13NO2 179.0946 0.34 26.6↑ 150↑
1.96 181.0743 Tyrosine ESI(−) C9H11NO3 181.0739 −0.45 1 2.67↓ 1.22↓ 2.53↑ 1.22↓
1.2 182.0782 Mannitol ESI(−) C6H14O6 182.07904 0.82 1 2.13↓ 1.41↑ 1.06↓ 2.74↓
6.87 187.0634 Indoleacrylic acid ESI(+) C11H9NO2 187.0633 −0.10 1 9.86↓ 2.27↑ 4.28↑ 2.06↑
13.92 188.1046 Nonanedioic acid ESI(−) C9H16O4 188.1049 0.27 1 2.44↑
1.18 188.1301 N,N‐Dimethyltryptamine ESI(+) C12H16N2 188.13135 1.23 6.75↑ 10.3↑ 43.5↑ 19.6↑
1.12 188.1539 Diaminononanoate ESI(+) C9H20N2O2 188.1525 −1.48 1 1.09↓ 3.64↑ 7.59↑ 1.40↑
12.35 191.0582 5‐Hydroxyindoleacetic acid ESI(−) C10H9NO3 191.0582 −0.04 35.8↑
1.56 192.0273 Citric acid ESI(−) C6H8O7 192.027 −0.33 1 1.45↑ 2.26↑ 2.73↑ 1.04↑
1.21 196.0573 Gluconic acid ESI(−) C6H12O7 196.0583 0.98 1 7.82↑ 6.13↑ 11.5↑
15.57 200.1041 10‐Membered macrolide ESI(−) C10H16O4 200.10486 0.71 1 3.91↑ 4.80↑
1.67 203.1163 Acetylcarnitine ESI(+) C9H17NO4 203.1158 −0.58 1 10.7↑ 5.15↑ 7.03↑
6.88 204.0890 Tryptophan ESI(−) C11H12N2O2 204.08988 0.88 1 3.16↑ 2.19↑ 4.26↑ 1.82↑
4.59 219.1105 Pantothenic acid ESI(−) C9H17NO5 219.1107 0.20 1.61↑ 5.90↑ 3.47↑ 5.80↑
15.59 222.0863 Antibiotic CV‐1 ESI(−) C7H14N2O6 222.08519 −1.11 1 3.45↑ 1.04↑ 4.26↑
13.93 231.1466 Butyryl‐L‐carnitine ESI(−) C11H21NO4 231.1471 0.50 46.5↑ 3.16↑
1.76 240.1482 1‐Hydroxyaspergillic acid ESI(+) C12H20N2O3 240.1474 −0.80 1 2.33↓ 3.92↑ 2.78↑ 1.34↓
30.55 242.1874 Hydroxytetradecenoic acid ESI(−) C14H26O3 242.1889 1.44 22.4↑ 1.67↑
40.33 254.2242 Palmitoleic acid ESI(−) C16H30O2 254.22458 0.33 1 25.7↑ 39.9↑
21.1 261.1368 Bassiatin ESI(+) C15H19NO3 261.13649 −0.32 166↑ 10.9↑
15.33 261.2307 Amino‐tetradecanetriol ESI(+) C14H31NO3 261.23035 −0.43 1 1.07↓ 1.07↓ 1.26↑ 1.46↓
15.17 265.1309 Anisomycin ESI(−) C14H19NO4 265.13141 0.42 23.5↑ 2.50↑
38.79 272.2349 Hydroxyhexadecanoic acid ESI(−) C16H32O3 272.2351 0.12 1 1.51↓ 3.53↓ 1.30↑ 11.0↓
33.07 276.2093 Stearidonic acid ESI(+) C18H28O2 276.2089 −0.45 1 3.35↑
38.74 278.2235 Linolenic acid ESI(−) C18H30O2 278.22458 0.99 1 3.36↑ 33.0↑ 1.74↑
18.64 279.1464 N‐Benzyloxycarbonyl‐
isoleucine
ESI(−) C15H21NO4 279.14706 0.60 137↑ 5.30↑ 56.8↑
41.37 280.2396 Linoleic acid ESI(−) C18H32O2 280.24023 0.59 1 1.41↓ 4.14↓ 1.67↓ 3.57↓
(Continues)















WC WI CC CI CM
44.27 282.2554 Oleic acid ESI(−) C18H34O2 282.2559 0.47 1 15.4↑ 2.13↓ 18.5↑ 1.24↑
19.85 284.2706 Stearic acid ESI(−) C18H36O2 284.27153 0.89 1 5.85↑ 1 2.55↑ 1.98↓
20.84 293.1617 Streptimidone ESI(−) C16H23NO4 293.16271 0.99 29.2↑ 3.77↑
32.84 294.2190 Hydroxy linolenic acid ESI(−) C18H30O3 294.2195 0.48 1 2.99↑
12.27 295.1412 N‐tert‐Butyloxycarbonyl
tyrosine‐methylester
ESI(−) C15H21NO5 295.14197 0.70 25.1↑ 2.80↑ 8.76↑
31.78 296.2345 8‐Hydroxylinoleic acid ESI(−) C18H32O3 296.23514 0.55 1 1.30↓
33.27 298.2505 Hydroxyoleic acid ESI(−) C18H34O3 298.25079 0.14 1 33.5↑
27.35 301.2986 Sphinganine ESI(+) C18H39NO2 301.2981 −0.55 1 1.01↓ 1.08↑ 1.15↑ 1.59↓
3.99 311.1225 6′‐Hydroxyethyladenosine ESI(−) C12H17N5O5 311.12297 0.43 3.05↑ 1.92↑ 3.51↑ 8.62↑
26.62 314.2452 7,8‐Dihydroxyoleic acid ESI(−) C18H34O4 314.24571 0.51 1 7.14↑
29.22 316.2601 Dihydroxyoctadecanoic acid ESI(−) C18H36O4 316.26136 1.21 23.2↑ 2.54↑
27.39 317.2934 Phytosphingosine ESI(+) C18H39NO3 317.293 −0.42 1 2.04↑ 1.95↑ 1.53↑ 4.87↓
31.32 329.3302 2‐Amino‐1,3‐eicosanediol ESI(+) C20H43NO2 329.3294 −0.83 1 1.01↓ 1.34↓ 1.03↓ 2.29↓
19.72 330.2397 Trihydroxyoctadecenoic acid ESI(−) C18H34O5 330.2406 0.86 1 3.00↑
23.69 339.2759 N‐hexadecanoyl‐homoserine
lactone
ESI(+) C20H37NO3 339.2773 1.40 1 4.40↓ 1.32↓ 2.81↓
1.2 342.1147 Trehalose ESI(−) C12H22O11 342.1162 1.46 1 1.28↑ 9.18↓ 11.6↓ 2.19↓
38.69 354.2778 Amphiasterin B1 ESI(+) C21H38O4 354.277 −0.80 1 6.07↓ 2.79↓ 2.10↑ 1.43↑
43.74 356.1652 Gingerenone A ESI(−) C21H24O5 356.1624 −2.92 1 1.31↓ 2.60↓ 2.35↓ 4.88↓
41.99 356.2939 Stearoyllactic acid ESI(+) C21H40O4 356.2927 −1.2 1 14.1↑ 2.86↑ 9.57↑ 11.2↑
45.48 358.3090 Glyceroloctadecanoate ESI(+) C21H42O4 358.3083 −0.90 1 1.15↓ 2.72↓ 2.12↓ 3.54↓




ESI(+) C23H49N3O 383.38756 −0.25 1 4.57↓ 9.10↓
33.04 410.2422 PA(16:0/0:0) ESI(−) C19H39O7P 410.24334 1.11 1 13.1↓
26.62 414.2048 Myrtucommulone B ESI(+) C24H30O6 414.20414 −0.67 1 1.04↑ 3.23↓ 1.62↓ 5.37↓
35.01 420.3080 1‐Hexadecanoylglucitol ESI(−) C22H44O7 420.30901 0.92 1 6.15↓
45.65 424.3332 Tocotrienol ESI(−) C29H44O2 424.33414 0.9 1 1.55↓ 1.33↑ 1.51↓ 1.55↑
31.2 434.2428 PA(18:2/0:0) ESI(−) C21H38O7P 434.24334 0.52 1 16.7↓ 2.72↓
33.0 444.3076 Citric acid‐ 2‐octadecyl ester ESI(−) C24H44O7 444.3087 1.09 1 8.86↓
41.33 450.3116 PA(20:0/0:0) ESI(+) C23H47O6P 450.311 −0.63 1 3.05↓ 5.61↓
30.7 453.2843 PE(16:0/0:0) ESI(−) C21H44NO7P 453.2855 1.18 1 6.34↓ 2.34↓ 6.02↓ 1.47↑
29.23 477.2841 PE(18:2/0:0) ESI(−) C23H44NO7P 477.2855 1.37 1 17.6↓ 2.16↑ 1.92↓ 6.20↑
31.78 479.3003 PE(18:1/0:0) ESI(−) C23H46NO7P 479.3012 0.88 1 2.38↑ 1.74↑ 3.05↑
25.71 492.2828 Unknown 1 ESI(−) C26H40N2O7 492.28355 0.68 37.0↑
6.83 494.2377 Ustiloxin D ESI(+) C23H34N4O8 494.2377 −0.07 1 6.41↓
29.73 497.2753 PS(16:0/0:0) ESI(−) C22H44NO9P 497.2753 −0.01 1 13.3↓ 5.91↓ 4.12↓ 4.12↓
29.37 519.3328 PC(18:2/0:0) ESI(+) C26H50NO7P 519.3325 −0.39 1 13.7↓ 1.37↑ 2.73↓ 2.67↑
28.37 521.2743 PS(18:2/0:0) ESI(−) C24H44NO9P 521.2754 1.07 1 2.29↑ 1.51↓ 1.94↑
26.19 526.2667 Paeciloxazine ESI(−) C29H38N2O7 526.2679 1.15 58.6↑ 27.6↑
29.29 545.2719 PS(20:4/0:0) ESI(−) C26H44NO9P 545.2754 3.46 1 1.95↑ 5.56↑
45.01 555.5227 Cer(18:0/16:0) ESI(+) C34H69NO4 555.5227 −0.08 1 1.97↑ 2.65↓ 1.88↓ 6.79↓
6.7 558.1997 Ustiloxin C ESI(+) C23H34N4O10S 558.1996 −0.19 1 11.2↓
10.82 562.2990 Unknown 2 ESI(+)(−) C24H42N4O8 562.29893 −0.09 1 6.32↑ 1.68↓ 1.92↑ 1.14↓
29.36 565.3362 PS(21:1/0:0) ESI(−) C27H52NO9P 565.33632 0.08 1 19.6↓ 1.79↑ 2.49↓ 2.88↑
26.68 572.2949 PI(16:0/0:0) ESI(−) C25H48O12P 572.2962 1.22 1 12.6↓ 9.62↓ 9.52↓
9.9 576.3159 Unknown 3 ESI(+) C28H48O12 576.31458 −1.36 1 1.74↑ 7.84↓ 3.54↓ 11.4↓
29.42 633.3244 Unknown 4 ESI(−) C27H47N5O12 633.32212 −2.37 1 1.87↑ 2.65↑
35.9 639.4097 Enniatin B ESI(+)(−) C33H57N3O9 639.4095 −0.23 52.5↑ 11.0↑
(Continues)















WC WI CC CI CM
4.85 645.2316 Ustiloxin B ESI(+)(−) C26H39N5O12S 645.2316 −0.07 1 25.4↓ 2.63↓ 5.81↓ 7.60↓
37.82 653.4246 Enniatin B4 ESI(+)(−) C34H59N3O9 653.4251 0.41 26.0↑ 1.38↑
41.01 668.3254 Unknown 5 ESI(+) C30H52O16 668.32554 0.06 1 1.39↓ 3.08↓ 4.06↓ 3.18↓
37.18 687.4083 Peptide 1 ESI(+)(−) C37H57N3O9 687.40817 −0.2 214↑ 38.7↑
38.75 701.4252 Peptide 2 ESI(+)(−) C38H59N3O9 701.4268 1.52 46.8↑ 15.5↑
36.99 735.4088 Beauvericin E ESI(+)(−) C41H57N3O9 735.40948 0.60 1 19.1↑ 19.1↑
36.44 755.3780 Beauvericin G2 ESI(+)(−) C43H53N3O9 755.37818 0.15 26.4↑ 11.0↑
37.08 769.3933 Beauvericin D ESI(+)(−) C44H55N3O9 769.39383 0.44 1 13.2↑ 9.70↑
38.15 783.4088 Beauvericin ESI(+)(−) C45H57N3O9 783.4095 0.67 49.4↑ 19.5↑
39.35 797.4245 Beauvericin A ESI(+) C46H59N3O9 797.42245 −2.05 1 8.95↑ 4.07↓ 6.68↑ 2.12↓
38.42 805.3904 Conoideocrellide D ESI(+) C41H51N5O12 805.39158 1.12 555↑ 123↑
40.5 811.4397 Beauvericin B ESI(+) C47H61N3O9 811.44078 1.06 1 52.6↑ 29.4↑
39.64 819.4062 Beauvericin H2 ESI(+) C45H55F2N3O9 819.4068 0.55 294↑ 254↑
Relative metabolite levels of insect portions of the wild cordyceps (WI), coremia of the cultured cordyceps (CC), insect portions of the cultured cordyceps
(CI) and cultured mycelia (CM) relative to wild cordyceps (WC) (↑, increase; ↓, decrease). The WI, CC, CI and CM samples are compared with the threshold
value (5000 counts) if the metabolites are not present in WC.Abbreviations: PE, phosphatidylethanolamine; PC, phosphotidylcholine; PS,
phosphatidylserine; PI, phosphatidylinositol; Cer, ceramide; ESI, electrospray ionization.
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tents of NRPs. Our previous work found that dead insect extracts can-
not induce extra production of NRPs, further supporting the above
inference that the immunity of live host insects stimulating I. cicadae
produces high levels of NRPs (Luo et al., 2015). Despite the lack of
the acute toxicity, some of these NRPs, such as the beauvericins and
enniatins, showed toxicity to mammalian cells (Molnar, Gibson, &
Krasnoff, 2010; Wang & Xu, 2012; Zouaoui et al., 2016). Clearly, the
insect portions that contain high levels of NRPs may have more poten-
tial safety issues than the coremia (WC and CC) and CM. On the other
hand, these NRPs also possess many other bioactivities such as herbi-
cidal, antibacterial, antifungal, insecticidal, anticancer and several
enzyme inhibition activities (Molnar et al., 2010; Wang & Xu, 2012).
WI and CI also contained high levels of bioactive compounds other
than NRPs, including lateritin, anisomycin, streptimidone and
paeciloxazine (Kanai et al., 2004; Kim, Moon, & Hwang, 1999; Molnar
et al., 2010; Pettit, Pettit, Xu, Weber, & Richert, 2010; Tang et al.,
2012; Umemura et al., 2014), suggesting that the insect portions
have more value than the other portions in bioactive compound
utilization.
Another notable feature of metabolites in the Table 1 is
oxylipins (including hydroxytetradecenoic acid, hydroxyhexadecanoic
acid, hydroxy linolenic acid, 8‐hydroxylinoleic acid, hydroxyoleic
acid, 7, 8‐dihydroxyoleic acid, dihydroxyoctadecanoic acid and
trihydroxyoctadecenoic acid). There are eight oxylipins detected from
WI, three oxylipins from CI, but only one oxylipin from CC and CM.
The insect bodies (WI and CI) in which the fungus had suffered an
immune attack from the insects contained significantly higher level
of oxylipins than CC and CM, in which the fungus had not suffered
an immune attack of the host insects, suggesting that the immunity
of the host insects can enhance oxylipin production. This result is con-
sistent with reports that oxylipins are related to pathogenic fungi that
counteract the immune injury from host insects (Fischer & Keller,
2016; Trienens & Rohlfs, 2012; Zhang et al., 2016).3.3 | Hierarchical clustering analysis
To more clearly visualize the differential metabolites between wild and
cultured cordyceps and mycelia of I. cicadae, hierarchical clustering
analysis (HCA) was used to perform simultaneous clustering of metab-
olites and samples. Before analysis, the data were first Pareto‐scaled,
and then subjected to hierarchical clustering with Spearman's rank
correlation and an average linkage clustering method. Figure 4 pre-
sents the resulting heat map of 72 metabolites (negative mode,
Figure 5a) and 47 metabolites (positive mode, Figure 5b) that were
determined to be significantly different (p < 0.01) by one‐way
analysis of variation (ANOVA). This dendrogram illustrates the
arrangements of the clusters of samples and compounds based on
the similarity of metabolite abundance profiles and biochemical
relativity, respectively.
The HCA (Figure 5) showed that there were two main clusters:
the cluster of insect bodies (WI and CI), and the cluster of coremia
(WC and CC) and CM. The cluster of insect bodies (WI and CI)
contained high levels of the compounds numbered 5–35 in negative
mode (Figure 5a) and 33–47 in positive mode (Figure 5b). Metabolite
clustering shows that these compounds are mainly related to NRP
synthesis and oxylipin metabolism. The WC, CC and CM cluster
contained higher levels of compounds numbered 1–4 and 36–72 in
negative mode (Figure 5a), and compounds numbered 1–32 in positive
mode than the first cluster (Figure 5b). Metabolite clustering showed
that metabolites of this cluster are mainly related to phospholipid,
sphingolipid, saccharide, organic acid and antioxidants metabolism.
The significant feature of this cluster is that it contained 10 times
lower NRPs content and higher concentrations of 3′‐deoxy‐
hanasanagin, α‐tocotrienol and phospholipids such as PA(16:0/0:0),
PS(16:0/0:0), PS(18:2/0:0), PS(20:4/0:0), PS(21:1/0:0), PE(18:1/0:0)
and PE(16:0/0:0) than the other cluster (Figure 5a).
Reports have shown that phospholipids are related to fungal
sporulation (Ahrendt, Wolff, & Bode, 2015; Lohmann, Sikora, & Höfer,
FIGURE 5 Heatmap of metabolites in I. cicadae extracts that are statistically significant in (a) negative mode and (b) positive mode. Each
rectangle represents a metabolite and is colored by the abundance intensity of that metabolite on a normalized scale from −2 (low) to 4 (high).
The top area is the cluster of samples, and the left area is the cluster of metabolites. CC1–CC3, CI1–CI3 and CM1–CM3 represent three biological
replicates of cultured coremia, cultured insect bodies and cultured mycelia of I. cicadae, respectively. WC1–WC3 and WI1–WI3 represent three
biological replicates of wild cordyceps of I. cicadae collected from bamboo forest in the Gu‐Liu‐Jiang protected nature area of Anhui Province.
WC4–WC6 and WI4–WI6 represent three biological replicates of wild cordyceps of I. cicadae collected from the Qing‐Liang‐Feng protected
nature area of Zhejiang Province, China
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10 of 13 HE ET AL.1989). This correlation is consistent with our experiments, which
show that the coremia and the CM were in the sporulation stage.
3′‐Deoxy‐hanasanagin is an antioxidant originally isolated from
coremia of I. japonica (Sakakura et al., 2009). Tocotrienol is also a
powerful antioxidant with multiple sanative bioactivities (Peh, Tan,
Liao, & Wong, 2016). A high level of antioxidants implies that this clus-
ter has encountered oxidative stress (Soto‐Mendez et al., 2016). The
stress comes probably from oxygen in the air because WC, CC and
CM are exposed to the air while the mycelia of WI and CI are
restricted in the insect bodies during the fungus growth. High levels
of choline in WC, CC and CM supported the hypothesis that they
had suffered oxidative stress, because reports have shown that oxida-
tive stresses can result in high levels of choline (Peel, Mickelbart, &
Rhodes, 2010; Wallace, 2018). Apart from the essential nutrients of
choline, α‐tocotrienol and phospholipids, WC, CC and CM also
contained high levels of nutrients such as carnitine, acetylcarnitine,FIGURE 6 General biosynthetic pathways of some metabolites accor
Abbreviations: PRPP, phosphoribosyl pyrophosphate; PEP, phosphopyruvanicotinic acid and GABA (Lee, Lin, Lin, & Lin, 2016; Peel et al., 2010;
Si et al., 2018; Wallace, 2018). Higher concentrations of nutritious
metabolites and much less NRP content in WC, CC and CM than in
WI and CI imply that the former are more nutritious and safer.
Gluconic acid, which comes from the oxidation of glucose
(Nieto‐Penalver, Savino, Bertini, Sanchez, & De Figueroa, 2014),
exhibited the same distribution as the oxylipins. This result implies
that, apart from antioxidants, the fungus can also prevent injury
owing to reactive oxygen species through the autoxidation of
glucose. The oxidative product gluconic acid possesses antimicrobial
properties (Nieto‐Penalver et al., 2014), which may contribute to the
nonperishable property of the cordyceps. Another saccharide
derivative, mannitol, is mainly distributed in the coremia. This
location is consistent with reports that mannitol is required for
fungal sporulation (Meena, Prasad, Zehra, Gupta, & Upadhyay,
2015; Solomon et al., 2006).ding to the Kyoto Encyclopedia of Genes and Genomes database.
te
HE ET AL. 11 of 13The levels of sphingolipids (sphingosine or phytosphingosine) are
significantly higher in insect bodies (WI and CI) than in CM, indicating
that immunostimulation of the live insects can upregulate the
sphingolipid metabolism of the fungus. Our previous studies on
Beauveria bassiana showed that dead insect extracts cannot signifi-
cantly increase sphingolipid synthesis (Luo et al., 2015). Sphingolipids
are the main components of the fungal cell membrane and play very
important roles in fungal growth and virulence (Becker et al., 2018;
Epstein, Castillon, Qin, & Riezman, 2012; Guimaraes, Toledo, Ferreira,
Straus, & Takahashi, 2014; Ikeda et al., 2015; Singh & Del Poeta,
2016). It is not surprising that to increase virulence and maintain mem-
brane stability against immune damage by the host insects, the fungus
upregulated sphingolipid metabolism, which resulted in higher levels
of sphingolipids in WI and CI than in CM. Unexpectedly, WC and CC
also contained higher levels of sphingolipids than CM, which means
that the fungus produced more sphingolipids after the death of the
host insects. It is well known that most of the degenerated entomo-
pathogenic fungi can be recovered through live‐insect inoculation
and cultivation (Pu & Li, 1996). The key reason for this may be that
the immunostimulation of the live insects can activate the fungus to
produce addition multifunctional sphingolipids, and these changes
are heritable.3.4 | Pathway analysis
To unravel the relationships of the metabolites, a metabolic pathway is
depicted in Figure 6. The results indicated that I. cicadae can vary its
metabolism among different growth periods. The mycelial period of
the fungus in insects (WI, CI) produced most of the NRPs, while
coremia (WC, CC) had vigorous phospholipid metabolism. The fungal
metabolism also changes under different growth conditions; for exam-
ple, wild cordyceps (WC, WI) produced the most trehalose, while the
cultured cordyceps (CC, CI) produced less trehalose and no adenine.
Reports showed that cold or heat stress can promote the production
of trehalose (Pu & Li, 1996). The higher level of trehalose in the wild
cordyceps is consistent with the report that, of all the tested samples,
only the wild cordyceps (WC, WI) experienced the winter cold and
summer heat of the subtropical monsoon climate in China (Pu & Li,
1996). Figure 6 also shows that the cultured cordyceps (CC and CI)
had the most active metabolism because they contained the highest
levels of tricarboxylic acid cycle‐related metabolites, such as carnitine,
acetylcarnitine, nicotinic acid, glyoxylate, citrate, GABA and succinate
(Karin & Ben, 2001). In contrast, the wild cordyceps (WC and WI)
showed the weakest metabolism. This result implies that the one‐
month‐cultured cordyceps still retain exuberant vitality, while the
annotinous wild cordyceps have weak vitality.4 | CONCLUSIONS
The metabolomic differences between wild and cultured cordyceps
and mycelia of I. cicadae revealed that the fungus varies its metabolism
during growth on wild insects, artificially raised insects and artificial
medium. There are 109 discriminatory metabolites, including 72 found
in negative mode and 47 found in positive mode by OPLS‐DA andone‐way ANOVA. High levels of NRPs existed only in WI and CI,
revealing that immunostimulation of the host insects enhanced the
synthesis of NRPs in the fungus. The significantly higher level of
sphingolipids in both the insect portions (WI, CI) and coremia of the
wild cordyceps (WC) and cultured cordyceps (CC) than in CM of I.
cicadae implies that immunostimulation of the live insects can induce
the fungus to produce more sphingolipids and that this enhanced abil-
ity is probably heritable. Apart from NRPs and sphingolipids, the insect
portions also contained higher levels of other bioactive compounds,
such as lateritin, anisomycin, streptimidone and ustiloxins. In contrast,
coremia (WC, CC) and CM contained 10 times less NRP content but
much higher levels of sanative metabolites such as tocotrienol,
3′‐deoxy‐hanasanagin, γ‐aminobutyric acid and phospholipids than
the insect portions, suggesting that the insect portions have more
value in bioactive compound utilization while WC, CC and CM are
more nutritious and safer. Significant higher levels of antioxidants in
WC, CC and CM, which were exposed to the air during the fungus
growth, than in WI and CI, in which the fungus was restricted in the
insect bodies during growth, implies that environmental oxygen has
a significant effect on the metabolites. The temperature stress
which the wild cordyceps encountered during growth is suggested
to be responsible for the relatively high content of trehalose. These
findings indicated that the immunity of the host insect and growth
environment has a strong impact on the metabolomic variation in I.
cicadae. The variation in metabolites suggests that the insect portions,
coremia and mycelia of the fungus have different utilization values.
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